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Abstract. In this letter we report new modeling results
that show the formation of an electron hole (depletion) in
the topside equatorial ionosphere. The reduction in the elec-
tron density occurs in the altitude range 1500 - 2500 km
at geomagnetic equatorial latitudes. The hole is produced
by transhemispheric O" flows that collisionally couple to
H" and transport it to lower altitudes, thereby reducing the
electron density at high altitudes. The transhemispheric O™
flows are caused by an interhemispheric pressure anisotropy
that can be generated by the neutral wind, primarily during
solstice conditions. The formation of the electron hole has a
seasonal and longitudinal dependence. This result has been
found with a new low-latitude ionospheric model that has
been developed at the Naval Research Laboratory: SAMI2
(Sami2 is Another Model of the Ionosphere).

Introduction

Recently, a new low-latitude model of the ionosphere has
been developed at the Naval Research Laboratory: SAMI2
(Sami2 is Another Model of the Ionosphere). SAMI2 treats
the dynamic plasma and chemical evolution of seven ion
species (H', He™, NT, O", NJ, NOT, and OF). The ion
temperature equation is solved for three species: H', He™,
and OV, as well as the electron temperature equation. The
neutral species are specified using MSIS86 and HWM93.
SAMI2 models the plasma along the earth’s dipole field from
hemisphere to hemisphere and includes the E x B drift of a
flux tube (both in altitude and in longitude), as well as iner-
tia in the ion momentum equation for plasma motion along
the dipole field line. Existing ionospheric models [Ander-
son et al., 1998; Richards and Torr, 1996; Bailey and Balan,
1996; Anderson et al., 1996] assume the ions are collisional
at all altitudes. To our knowledge, SAMI2 is the first low
latitude ionospheric model to consider ion inertia.

In this letter we report the formation of a very high al-
titude electron depletion at equatorial latitudes. The elec-
tron hole occurs in the altitude range 1500 - 2500 km at
geomagnetic equatorial latitudes. It is produced by tran-
shemispheric O1 flows that collisionally couple to HY and
transport it to lower altitudes, and thereby reduce the elec-
tron density at high altitudes. The transhemispheric O"
flows are caused by an interhemispheric pressure anisotropy
that can be generated by the neutral wind, primarily during
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solstice conditions. The formation of the electron depletion
has a seasonal and longitudinal dependence.

Basic Model and Equations

SAMI2 solves the plasma equations in an offset, tilted
dipole frame of reference [Bailey and Balan, 1996]. The
dipole coordinates are p,s, and ¢ where p denotes the L
shell, s is along the field (s = gre where ¢ is the usual
dipole coordinate and rg is the radius of the earth), and
¢ is the longitudinal coordinate. For the purposes of this
letter we will neglect motion in the ¢ direction. The mag-
netic field is in the +s direction and is written as B = B; es
where Bs = By (1 + 3 cos? 9)1/2 (7"0/7")3 .

The continuity, momentum, and temperature equations
solved in SAMI2 are expressed as
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In the above, P; is the ion production term (e.g., photoion-
ization [Strobel et al., 1974; Richards et al., 1994], chemistry
[Bailey and Balan, 1996; Schunk and Sojka, 1996], L; is the
ion loss term (e.g., chemistry, radiative recombination), Qin
is the ion-neutral heating rate, Q;c is the ion-electron heat-
ing rate, (Q;; is the ion-ion heating rate, Qen is the electron-
neutral heating rate, Qe; is the electron-ion heating rate,
and Qpnre is the photoelectron heating rate. The heating
terms are taken from Millward et al. (1996).

The ionospheric equations are solved along dipole field
lines. A nonuniform grid is used similar to that described
in Bailey and Balan (1996). The density, velocity, and
temperature equations are treated as a system of advec-
tion/diffusion equations. The diffusion terms are backward
biased for stability while the advection terms use an implicit
donor cell method. This method does not linearize the equa-
tions or iterate the solutions, and therefore requires a smaller
time step than fully implicit algorithms. A paper describ-
ing the details of the SAMI2 model (i.e., physics, chemistry,
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Figure 1. A color contour plot of the electron density as a
function of geographic latitude and altitude at time ¢ = 1900 LT.
Also shown are the OT velocity vectors as ‘wind flags’. The large
dots lie on grid points and indicate the beginning of the velocity
vector; the wind flags are plotted every fourth grid point above ~
600 km. The parameters used in this simulation are given in the
text. Note the ‘electron hole’, closed dark blue contours, centered
at ~ 2100 km and 64 ~ 15° S.

photoionization models, numerical algorithms, etc.) is in
preparation.

Results

The simulation results presented use a mesh of 201 grid
points for each flux tube and 96 flux tubes are modeled. The
time step used is At = 12 s. The lower boundary of each
flux tube is 90 km. The simulations are run for an initial 24
hrs to remove transients, and then run an additional 24 hrs
to obtain diurnally converged results. A model zonal electric
field is used that is proportional to sin[(t — 7)/24] where ¢
is the local time in hours. In general, the ionospheric flux
tubes rise during the day from 0700 LT - 01900 LT, and fall
during the night from 1900 LT - 0700 LT. The maximum
vertical velocity is 20 m/s.

The first simulation results use the following parameters
— day: 173 (summer solstice), longitude: 293.4 E (Arecibo),
Ap: 2, F10.7: 180, and F10.7A: 180. Shown in Fig. 1
is a colored contour plot of the logarithm of the electron
density as a function of geographic latitude versus altitude
at time 1900 LT. Also shown are the O velocity vectors
which are denoted by ‘wind flags’. The large dots lie on
grid points and indicate the beginning of the velocity vec-
tor. The ‘wind flags’ are plotted every fourth grid point
above ~ 600 km. The maximum velocity shown is ~ 400
m/s. The typical morphology of the ionosphere is observed
in the results. During the day the ionosphere rises and the
peak electron density reaches a few x 10° cm™? in the alti-
tude range 250 - 400 km. During the night the ionosphere
falls and the peak density drops to a few x 10° cm ™2 with
a strong reduction in the electron density below 200 km.
In Fig. 1 the Appleton anomaly is clearly evident. During
the late afternoon and early evening (1600 LT - 2100 LT)
the peak electron density occurs at the latitudes 25° S and
7° N in the altitude range 300 — 400 km. This latitudinal
extent is roughly plus/minus 15 degrees from the magnetic
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equator. The most surprising result of this simulation is the
formation of a hole (or depletion) in the topside electron
density. The hole shows up as a closed, dark blue contour
at ~ 2000 km and 04 ~ 15° S where the subscript g denotes
the geographic coordinate system. It forms in the early af-
ternoon and subsequently decays during the early morning
hours. The hole is prominent in the altitude range 1500 -
2000 km and has a latitudinal extent of 20° S to 0° N for the
ionospheric conditions modeled. It is localized about the ge-
omagnetic equator, although for this longitude and season it
is centered slightly south of the geomagnetic equator. These
latitudinal ranges are for the longitude sector modeled, as
there is also a longitudinal variation of the electron hole.
Finally, we have run a high resolution case (401 grid points)
and obtain similar results to those shown in Fig. 1.

In Fig. 2 we plot altitude profiles of the electron density
for times ¢ = 0300 LT, 1200 LT, 1500 LT, and 1900 LT at
a latitude of 8, = 15° S. From the early morning hours (~
0300 LT) until midday (~ 1200 LT) there is no high altitude
electron hole. However, by the mid-afternoon (~ 1500 LT
the hole has clearly developed at an altitude ~ 1900 km.
There is a maximum in the electron density at ~ 3000 km
which can be interpreted as a new high altitude ionospheric
layer. The electron density at ~ 1900 km is a factor of ~ 2
smaller than the secondary peak at ~ 3000 km. The electron
hole persists into the early evening and is evident at 1900
LT when it has risen in altitude to ~ 2100 km. The hole
eventually disappears in the early morning hours.

The physical mechanism for the topside electron deple-
tion is as follows. The high altitude hole forms because
transhemispheric oxygen ion flows collisionally pickup the
hydrogen ions and transport them to lower altitudes. The
resultant reduction of hydrogen ions at high altitudes over
the geomagnetic equator is responsible for the electron de-
pletion. In order for the hole to develop, relatively strong,
persistent transhemispheric oxygen ion flows are necessary.
These flows develop because of an asymmetric oxygen pres-
sure profile along a magnetic flux tube. This asymmetric
profile is more likely to form at the solstices because the
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Figure 2. Plot of electron density versus altitude at for dif-
ferent times: 0300 LT, 1200 LT, 1500 LT, and 1900 LT. The
geographic latitude is 83 = 15° S. The electron hole is evident at
times ¢t = 1500 LT and 1900 LT.
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Figure 3. A color contour plot of the electron density as a
function of geographic latitude and altitude. The parameters are
the same as in Fig. 1 except that the ion-ion collision frequency
has been reduced by a factor of 10. Note the absence of the
electron hole and the larger OF velocities.

neutral wind transports oxygen ions to high altitudes on
one side of the magnetic equator, and to low altitudes on
the other side. In addition to transhemispheric O flows, it
is also required that the O density be comparable to the
H" density for efficient collisional coupling. The H*/OT
transition altitude over the geomagnetic equator (65 ~ 9°
S) is ~ 2500 km in the early afternoon when the hole forms;
the transition altitude decreases to less the 1000 km prior
to sunrise. However, the H" /O™ transition altitude over
Arecibo (64 ~ 18.5° N) is much lower at ~ 1500 km. This
transition altitude is consistent with both observational and
modeling results [MacPherson et al., 1998]. We now present
additional results which support our identification of the
formation mechanism.

First, we show results of a simulation that uses the same
parameters as Fig. 1 except that the ion-ion collision fre-
quency has been arbitrarily reduced by a factor of 10. This
reduces the collisional coupling between Ot and H' and
should have a significant impact on the formation of the
electron hole if the above explanation is correct. The re-
sults are shown in Fig. 3 and, in fact, no electron hole is
formed. Moreover, note that the O velocities are larger
than those shown in Fig. 1 because of the reduced drag by
HT.

Second, we show the results of a simulation for equinox
conditions. The parameters used are the following: day 265
(fall equinox), longitude 23.4 E, Ap 2, F10.7 180, and F10.7A
180. This simulation shows that without a strong pressure
anisotropy between the geomagnetic hemispheres there are
no strong O transhemispheric flows, and no electron hole
should form. The results presented in Fig. 4 confirm this
idea: no electron hole forms. The ionosphere is reasonably
symmetric about the geomagnetic equator at ~ 5°, and the
O™ velocities are quite small compared to those in Figs. 1
and 3.

Finally, we have also run two other simulations for the
parameters used in Fig. 1 in which the neutral wind and
the zonal electric field were set to zero. For the case where
Vn = 0, we find that no electron hole forms. This sup-
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ports the interpretation that the neutral wind is the dom-
inant mechanism to generate an interhemispheric O" pres-
sure anisotropy that generates transhemispheric O" flows.
For the case when F. ., = 0, we find that an electron hole
still forms, but at a later local time (~ 1700 LT). This sug-
gests that the zonal electric field can affect the morphology
of the electron hole but is not a causal mechanism.

Summary

We report the possible formation of a very high altitude
electron hole in the equatorial ionosphere. It forms in the
altitude range 1500 - 2500 km at geomagnetic equatorial lat-
itudes. The hole is produced by transhemispheric O flows
that collisionally couple to H* and transport it to lower
altitudes, thereby reducing the electron density at high al-
titudes. The transhemispheric O" flows are caused by an
interhemispheric pressure anisotropy that can be generated
by the neutral wind, primarily during solstice conditions.
The formation of the electron hole has a seasonal and lon-
gitudinal dependence. This result has been found with a
new low-latitude ionospheric model that has been devel-
oped at the Naval Research Laboratory: SAMI2 (Sami2 is
Another Model of the Ionosphere). Animations of SAMI2
simulations can be found under the hyperlink ‘Whatsnew’
at http://wwwppd.nrl.navy.mil.

At this time we are not aware of experimental observa-
tions of a topside equatorial electron hole. The region in
which the hole occurs — high altitude at equatorial latitudes
— is difficult to diagnose; it is not accessible with ground-
based radar and there is a dearth of in situ satellite mea-
surements. Data which could possibly provide evidence of
an electron hole is Alouette/ISIS topside sounder ionograms
[Benson, 1996]. The satellites Alouette 2 and ISIS 1 had
apogees of 3000 km and 3500 km, respectively, which are
high enough to detect possible electron holes in the range
1500 — 2500 km. We are currently investigating the avail-
ability of suitable topside sounder data to search for the high
altitude electron holes.
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Figure 4. A color contour plot of the electron density as a
function of geographic latitude and altitude for equinox condi-
tions. The parameters used in this simulation are given in the
text. The velocity vectors are much smaller than those in Figs. 1
and 3 and the electron hole is absent.
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